The material handling control system of an automated manufacturing facility is tested during the commissioning of the plant. This leads to protracted commissioning periods as well as the possibility of costly equipment damage. The testing is performed in a modular fashion so that complex interaction are often overlooked.
INTRODUCTION
Automation has brought with it the curse of controlling the automated systems in an "optimal" and cost effective manner. Much has been written about the optimal configuration of computer integrated manufacturing (CIM) environments as well as the control strategies for CIM systems. However, each CIM system is different and many of the complex interactions exhibited by the system are impossible to predict. Consequently the control system and control logic, at the time of initial startup of the plant, is incomplete and, very likely, faulty. This can lead to protracted startup periods and equipment loss while the control system is being commissioned.
Simulation is being used increasingly in the configuration and planning stage of CIM systems. The simulation is used to determine required capacities for such items as pallets, automatically guide.s vehicles (AGVs), and machining centers. The simulation is also used to test different control strategies in an effort to improve the CIM systems performance. Consequently a detailed simulation of the CIM system often exists before the plant is commissioned.
By combining the development of the control system and the simulation models, much of the effort of the commissioning can be shifted to the development stage of the project. Furthermore, by the time the plant is built, the control system will be complete and fully tested. The commissioning period will consist therefore of testing only the mechanical function of the control system rather than a combined mechanical and logical function test.
LEVELS OF CONTROL
Many authors have suggested that there are several layers of control in a CIM environment. At the highest level, the level with least engineering detail, is the financial control. At the lowest level, the level with most engineering detail, is the tool path control, such as robotic arm movement or cutting tool movements. The number of levels of control and categorization of the levels of control between these two extremes is a matter of some debate.
Clearly, however, somewhere between these two extremes is the control at the level of material movement, which includes all the material handling equipment. This level of control includes such details as the setup of machining centers and grip changes on a robotic arm. The type of material handling equipment and the configuration of the material handling system determines whether the material handling equipment is controlled at the cell level or whether a system wide approach needs to be used. The degree of localization of the control system has serious implementation consequences for both the real system and the simulation model. It is sufficie, nt to state that any level of detail of control above and including the material movement and material handling level is easily interfaced to discrete-event simulation languages.
Note that the material movement and material handling control level deals with the interaction of various areas and components of the system. Practical reasons motivate the choice of the material movement and material handling control level as the lowest control level of interest. The most important practical reason is that discrete-event simulation models are seldom developed to the detail of cutting tool path control. The development of a model of such detail in the discrete-event simulation environment is both impractical and imprudent. This paper deals specifically with cell level control, simply to reduce the size of the examples.
INTERFACING ISSUES -THE SIMULATION LANGUAGE
The SIMAN simulation language was used to model the examples in this paper. SIMAN allows the user to call user written FORTRAN or C subroutines from within the block structure of the language, and also to schedule events, create entities, etc. from within the user written subroutines. Subroutines can be written which will communicate with peripheral devices to obtain data from a bank of switches, say, which reflect the state of the system of interest. The concepts explained in this section can, however, be implemented in most of the other leading simulation languages such as SLAM II and GPSS.
Recall that the purpose of this study is to interface a discrete-event simulation language with a controller to test the control logic for material movement and material handling.
The consequences of this statement are that all decisions concerning the dispatching of the material handling equipment is performed by the controller, while the simulation language issues requests for the material handling equipment and acts on the response from the controller. In fact, any control function for the material handling system is performed by the control system, while the simulation merely reports on the status of the system being simulated to the controller and acts upon commands issued by the controller.
An example of the change in the SIMAN code is given in Figure 1 for an AGV system with a merge point which sees heavy traffic. Only one AGV is allowed in the merge point at a time. The decision as modelled in the SIMAN code is to allow an AGV to proceed from the incoming track having most AGV's waiting. In the case of a tie, the first track in the list is given priority. The equivalent SIMAN code when connecting to a controller is given in Figure 2 . The first EVENT block is used to trigger a switch to indicate the arrival of an AGV from a particular track to the merge point. The second EVENT block is used to trigger a switch to indicate the departure of an AGV from the merge point. The AGVs wait in the QUEUE blocks until the appropriate signal is sent from the user written subroutine. Notice that in this case the decision logic has not been specified. In conventional discrete-event simulation, the simulation clock is updated immediately to the event time of the next event on the calendar. However, when interfacing to a controller, the simulation clock must progress smoothly so that timing considerations between the controller and the real system can be evaluated accurately. The smooth simulation clock was achieved by comparing the simulation clock plus a reference astronomical time with the current astronomical time whenever a signal is sent to or 849 received from the controller. If the simulation clock plus the reference astronomical time is greater than the current astronomical time, delay until they are equal. If the simulation clock plus the reference astronomical time is greater than the current astronomical time proceed. An example of how to achieve the smooth simulation clock is given in Figure 3 . The routine ITIME, which is used to return the astronomical time, is system dependent. An example is given in Assembler for an IBM PC compatible in Figure 4 .
subroutine prime real reftim common /time/ reftim c C *** store the astronomical time at the start of the simulation. Figure 4 : The Assembler routine to return astronomical time on an IBM PC compatible.
Ob,fiously the code has been written for a simulation clock which progresses in minutes. Little effort is required to change the synchronization code for other simulation clock time references. The test for CURTIM .LT. REFFIM is used to correct for the case when the simulation is performed beyond midnight. The routine ITIME returns 23 for the hours for any time between ll:00pm and midnight and 0 for any time between midnight and l:00am.
INTERFACING ISSUES -THE HARDWARE AND SOFTWARE
The simulation needs to be able to detect when the controller sends messages to the simulation, and to report a change in system status to the controller. The manner in which this information is captured depends very much on the type of information being sent and the communications hardware and software available. Two systems will be discussed, namely direct connection to switches and RS232 communication.
Regardless of the type of communication, a crucial aspect of the communication process is the cycle time between when the simulation reports a change in the system status to the controller and when the controller can send a response back to the simulation. The cycle time is comprised of two components: The first is the actual time required for message passing, while the second is the time required for the controller to act on the new information and to formulate the correct response.
Either of these times could be negligible, but it is unlikely that both will be negligible. When using communication software, the message passing time can be replaced be a method of message acknowledgement. When the simulation sends a message to the controller, the controller has to respond with a message to acknowledge the receipt of the message. The examples given below for specific communication systems include the necessary code for the cycle time considerations.
For banks of switches, the only available method is to poll the state of the switches at regular intervals and compare the current state with a predefined action state. The user written code will have imbedded within it the necessary actions to be performed depending on the state of the switches.
An example of the code required for state comparison is given in Figure 5 . The example refers to the AGV track merge point problem where the track number along which a waiting AGV may proceed is binary encoded on switches 100 and 101. The subroutine READSW, which is used to return the value of a relay from the controller, is hardware dependent. The example given in Figure 6 is for a MetraByte MDB-64 board in an IBM PC compatible. An equivalent routine, SETSW, which is given in Figure 7 , is used to set the value of a relay which will be read by the controller. Communication standards such as RS232 or ethernet can be used at two levels. The first is to communicate between the controller and devices, such as a robot or a CNC/DNC machine. The second is to communicate between two computers, one of which could be connected to a data acquisition system or could be a controller at a lower/higher level in the control hierarchy. The type of communication of interest in this paper is that between the controller and devices. write to the PLC c 10 call itime( ih, im, is, in ) itl= 360000"ih + 6000*im + 100*is + in if( lstwrt + cyctim .gt. itl) go to 10 C C ** activate the required port C call outp( base+l, port ) call itime( ih, im, is, in ) itl= 360000"ih + 6000*im + 100*is + in C C ** read the new value from the port C 20 call itime( ih, im, is, in ) it2 = 360000"ih + 6000*im + lO0*is + in if( itl+wrttim .it. it2) go to 20 value = inp( base+O ) c C ** Extract the required bit from the 8 bit value and store the new value ,port+l) ) value = value + 2"*(i-1) 10 continue c C ** activate the required port C call outp( base+l, port ) call itime( ih, im, is, in ) ill = 360000"ih + 6000*im + 100*is + in C C ** write the new vatue to the port C 20 call itime( ih, im, is, in ) it2 = 360000"ih + 6000*im + 100*is + in if( it1+wrttim .It. it2) go to 20 call outp( base+O, value ) C C ** record the time of the last write to the metrabus cat[ itime( ih, im, is, in ) lstwrt = 360000"ih + 6000*im + 100*is + in return end The RS232 system which will be discussed below is one in which the controller sends encoded messages to the devices to perform specific actions. The message content is specific to the device. When the device has completed the required action, an encoded message is sent back to the controller.
An efficient method of reducing the CPU requirements for the communication is to use separate communication processes which run in "background". That is to say that the communication processes remain idle until they receive a specific interrupt from a communications device, such as the RS232 board. Buffer areas which are common to both the communication processes and the simulation are used to store the messages until such time as they can be retrieved or transmitted. When the communication process receives an interrupt from the communications device, the messages is placed in the input buffer. When a message is placed in the output buffer, an interrupt is generated and the communications process transmits the contents of the output buffer. Figure 9 : The Assembler routine to write to a port.
The efficient utilization of the CPU is especially important for the computer performing the simulation because the simulation is very CPU intensive. The simulation needs to query the input buffer at regular intervals and act upon any messages which may be waiting. The information sent by the controller is an encoded message stating explicitly the action to be performed.
Consequently no comparison need be made with some previous state to determine if any change has taken place. To send a message to the controller, the simulation merely writes the message to the output buffer. This triggers an interrupt for the communications process which then takes care of protocol and/or hardware concerns of send the message to the controller.
An example of the code required for RS232 communication is given in Figure 10 . The code is for the AGV problem again, but now the track number is returned as a specific value. The subroutine GETMSG is not supplied because it is dependent on the communication hardware and software available. The code was fully tested using the C Asynch Manager from Blaise Computing Inc. The controller in this case was another PC, also running the C Asynch Manager. The controller PC would pick up the state messages from the simulation PC and send the required action messages to the simulation PC. 
'rest Problem -AGV Track Merge Point
Three different flexible manufacturing systems use the; same automatic storage and retrieval system (AS/RS) for raw material, finished product, work-inprogress (WIP), and tool and pallet storage. Automatically guided Vehicles (AGVs) are used to transport the material to and from the AS/RS. The AS/RS has a single request area and a single pickup/dropoff area. A single track is available for the: AGVs to issue requests and to pick up or drop off their material. The details of the AS/RS are not simulated.
Obviously this is a very traffic intensive area which needs to be controlled with precision. If the traffic intensity of this area is very high, the control of this area will have a large impact on the overall performance of the system. begin,,,,AGV,y; create : ex(1,1) : mark (1); assign : ns = dp (2,2) 
distributions:
I, dp(3,3) : !FMS I request type 2, dp(4,3) :
!FMS 2 request type 3, dp(5,3) :
!FMS 3 request type 4, tr (7,4) 
855
The AGVs are assumed to arrive by a Poisson process with the rate of arrival dependent on the FMS from which they emanate and the type of request, viz. tool and pallet dropoff and pickup, raw material pickup, finished product dropoff, or WlP pickup and dropoff. The AGVs are all assumed to be of the same type and to have the same travel speed. Both the time to accept a request the time to drop off items are assumed to follow triangular distributions which approximate normal distributions. (There is a dropoff buffer which is used to store the material until it can be stored in the AS/RS.) The time to pick up items is assumed to follow a triangular distribution which approximates a low order Erlang distribution.
The SIMAN MODEL and EXPMT files are given in Figures 11 and 12 respectively. Note that this example is for the case where the control logic is imbedded in the model file.
Test Problem -Robotic Cell Scheduling
The material handling requirements of three different machining centers are satisfied by a single robot. The raw material arrives on a conveyor and the finished product leaves on a separate conveyor. The input conveyor is stopped when a pallet reaches the end. The conveyor remains stopped until the robot removes the conveyor. Each Machining center has one output buffer and one input buffers. Four part types arrive to the system and each part type has a different sequence of operations. The machining centers' tool magazines contain sufficient tools to machine all required parts, but part programs are down-loaded from a host computer.
Obviously the critical component in the system is the order in which parts are moved by the robot. The control logic of the robot movement is coded into the model, but could be performed by a PLC. To simplify the example problem, all parts first go to machining center 1, then 2, and then 3. As coded in the model, the logic for control of the robot's arm is to move the part that is closest to completion if the input buffer to the next machining center is available. The control logic for the general case of part routings is considerably more complex than the example.
It is assumed that there is an inexhaustible supply of parts to enter the robotic cell, and that the parts are always available.
The part types are assigned according to discrete probability distribution. The machining times follow a triangular distribution which approximates a normal distribution, and the part program loading time follows a uniform distribution.
The example as implemented is a trivial case of the more complex problem in that all the parts go to each machining center in sequence. In fact, all parts are identical because all the part specific PARAMETERS elements are identical. The example problem can be made more complex by simply changing the SEQUENCES element and the control logic at the end of the model file. The model and experiment files are given in Figures 13 and 14 respectively.
Conclusions
The use of simulation to present a controller with a wide variety of situations has been demonstrated to be both cheap and easy. While the examples were for fairly small systems, large systems should present no additional problems beyond the possibility of the simulLation being too slow. The choice of the type of interface between the controller and the simulation depends on the controller being used. The emulation of digital I/O is cheap and easy to implement, but also rigid and restricted to a low level of control. The use of RS232 and ethernet is more difficult to implement, but the simulation can be used to emulate a much wider range of control levels.
begin,,,,robot,y; create; regen assign : a(1) = tnow; Loop for ; next creation assign : ns = dp (2,2) 
